Presence of browning or black-spot in fresh foods can adversely affect consumer acceptance. Onion has been reported to exert inhibitory activity against browning reaction. This research aimed to uncover the mechanism and identify active compounds in onion responsible for PPO inhibitors based on metabolomic approach. Onion was fractioned using different solvents, i.e n-hexane; chloroform; ethyl acetate; water, respectively. As a result, ethyl acetate fraction (EAF) of the onion demonstrated the strongest inhibition to PPO in comparison with other fractions, i.e. n-hexane, chloroform, and water. The reversible inhibitory activity of PPO by EAF occurred with presence of L-DOPA as substrate through competitive inhibition and Cu chelation in the active side of the PPO. Based on 1H-NMR (X) score plot and PPO inhibition (Y) using OPLS, NMR signals revealed that active compounds accounting for inhibition of PPO included
Introduction
Browning or black-spot constitutes a post-harvest problem occurring in fresh foods. It often exists in fresh-cut fruits and vegetables. However, black-spot is also present in crustacean such as shrimp during post-mortem process, as a result of enzymatic reaction by PPO responsible for formation of black pigment. Although the pigment is not deleterious to health, its presence on fresh shrimp closely relates to low consumer acceptance.
PPO enabled to catalyze reaction of monophenol hydroxylation to form o-diphenol through monophenol oxidase action and oxidize o-diphenol into o-quinon through diphenolase activities. Quinone is a reactive compound and spontaneously able to form polymers with quinone itself or with other aromatic compounds, yielding a black melanin polymer. Monophenol oxidase is also recognized as laccase (EC 1.10.3.2), while diphenol oxidase is known as catechol oxidase (EC 1.10.3.1). PPO is commonly present as tyrosinase (EC 1.14.18.1) that can use two substrates, i.e. monophenol and diphenol such as mushroom tyrosinase. The PPO enzyme nomenclature seems to be inconsistent, depending on types of substrate, i.e. tyrosinase, phenolase, catechol oxidase, catecholase, o-diphenol oxidase, monophenol oxidase, and cresolase. Structurally, there are six histidine residues liganded to the copper of active site of PPO. The enzyme may occur in many sources including bacteria, animals, and plants. 2 Furthermore, flavonoid is also reported to exert anti-browning activity. Additionally, depigmentation of melanin by polyphenolic was also regarded as anti-browning activity. 3 Attempts to deal with browning or black-spot closely relate to antioxidant activity 4 since melanin is a product of enzymatic oxidation. However, natural bioactive compounds demonstrating antioxidative properties are not always associated with browning inhibition.
Onion is rich in phenolic and flavonoid, and has a high antioxidant activity. Previous study reported that some beneficial compounds including gallic acid, ferulic acid, quercetin, and proanthocyanin, were detected in onion studied. 5 Furthermore, a study showed inhibitory effect of onion extract on the enzymatic browning of an edible yam (Dioscorea cayenensis-rotundata cv. Kponan). 6 Nevertheless, the mode of action and compounds responsible for the browning inhibition has remained unclear.
Scientific evidence related to mechanism and the role of active compounds is essential to investigate. For this reason, isolation and metabolomic approach are feasible method to determine the active compounds. Metabolomics assay enables to identify active compounds quantitatively and qualitatively present in a material. Even though using a small amount of sample, the approach is capable of producing comprehensive comparison according to the activity of the compounds, without the need for isolating the active principles. 7 This study aimed to uncover the plausible mechanism and identify active compounds in onion as PPO inhibitor using metabolomics approach.
Materials and Method
Onion was obtained from Brebes, Central Java. Chemicals were analytical grade, i.e. methanol, n-hexane, chloroform, ethyl acetate, NaH 2 PO 4 , K 2 HPO 4 , NaNO 2 , NaOH, L-DOPA (Merck, USA), quercetin (Merck, HPLC Grade, USA). Commercial PPO enzyme (EC.1.14.18.1, 5571 U/mg 4.3 mg) was purchased from Sigma Chemical Co (St. Louis. MO), while sodium metabisulphite (SMS) as positive control of PPO inhibitor, was obtained from local chemical supplier.
Fractionation of Onion 8
Fresh onion (800g) was washed, freeze-dried for 24h, and powdered. The dried onion powder (100g) was extracted with 80% methanol (500 mL). The mixture was sonicated using ultrasonic bath (Bransonic Ultrasonic Cleaner model 8510E MTH, USA) for 30 min, and the supernatant was collected. The the supernatant was dried using rotary evaporator (Butchi Rotavapor R-210, BÜCHII, Labortechnik, Switzerland) at 45 °C. About 10 g methanolic onion extract was dissolved in distilled water (250 mL) and n-hexane (250 mL) filled to separatory funnel. The funnel was shaken vigorously and it was set at room temperature until two distinct layers were observed. The n-hexane fraction was separated. The fractionation was also performed using similar aforementioned protocol using other solvents, i.e. chloroform and ethyl acetate, in five replications for each fraction. All fractions were evaporated to obtain the dry fraction.
PPO Inhibition Test
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PPO enzyme solution (400 µL, 23 Unit/mL) was added with 400 µL of onion fraction (dry basis, 10 mg/mL) and incubated for 30 min. The mixture (200 µL) was taken and added with 15 mM L-DOPA (600 µL), 50 mM buffer phosphate (400 µL, pH 6.0), distilled water (1000 µL), and then incubated for 3 min at 45 °C. The formation of dopachrome was spectrophotometrically checked at wavelength of 475 nm using UV-2425 spectrophotometer (Shimadzu, Kyoto, Japan). One unit of PPO was defined as the increment of absorbance by 0.001/min/mL at A475. The inhibitory activity was expressed as the percentage inhibition as follows:
Where A: PPO activity for control (absence of fraction), B: PPO activity with presence of fraction.
Reaction Kinetics of Onion Fractions 10
Lineweaver-Burk plot was made by plotting rate of reaction and substrate concentration [S] 
Electrophoresis Experiment 11
Native polyacrylamide gel electrophoresis (PAGE) experiment was applied to investigate the effect of onion fraction on PPO activity. PPO, onion fraction and phosphate buffer solution (50 mM, pH 6.0) were mixed in a vial tube. The fraction was dissolved in methanol 0.5% and dissolved in water at concentration of 1, 5, 10 mg/mL, sodium metabisulphite 1.25%. Afterwards, the solution (100 µL) was mixed with PPO (100 µl), and kept for 30 min. A mixture comprised (20 µL) of bromofenol blue (0.001%, w/ v) and glycerol (0.05%, v/v) was injected to each well to control the process. Electrophoresis experiment was performed at 4 °C using Mini PROTEAN system (Bio-Rad, Hercules, CA), with Tris-Glicine (pH 8.3) as running buffer. The gel was then soaked in a solution containing L-DOPA (15mM).
Wavelength Scanning 10
The chelation of copper from the active site of PPO was evaluated using wavelength scanning by spectrophotometer (UV Vis-2425, Shimadzu). Distilled water (2.8 mL) was added with selected onion fraction (0.1 mL) previously dissolved in methanol 0.5%. The mixture was transferred to 3 tubes containing PPO (tube 1), 0.1 mL of CuSO 4 (tube 2), and 0.1 mL of buffer sodium phosphate pH 6.0 (tube 3). Ultimately, the solution was spectrophotometrically scanned at wavelength of 200-600 nm, while distilled water was used as reference.
Compound Identification by 1 H-NMR and 2D NMR J-Resolved 12
Active compounds responsible for PPO inhibition were identified using 1H-NMR and 2D NMR at 500 MHz using JEOL type ECZR Spectrometer = JNM-ECZ500R/S1 (Japan), with functional frequency of 500.15991521 MHz at room temperature (20.1 °C). A 10 mg fraction of onion was dissolved in 1 mL CH3OH-d4 (MeOD). The mixture was homogenized in a vortex for 1 min, ultra-sonicated for 15 min, then centrifuged at 13,000 rpm for 10 min in NMR tube was contained this supernatant (0.6 mL) and analyzed to 1H-NMR. All protons in one dimension or single pulse identified as axis X. 1H-NMR spectrum of each sample was required 1.74587904 s, that consists of 128 scans and a width of 5 ppm. The fraction which had the most active signal were selected and continued to be analyzed in 2D NMR using Homo J-resolved. Spectrum of J-resolved was needed 50 min which X accuracy duration 0.65404928 s, Y accuracy time = 2.56 s containing 16 scans per 2048 increase for the spin-spin axis coupling constant. The spectral widths were 50 Hz and 8 K for the chemical shift axis with spectral widths of 500 Hz. Time for relaxation delay was 1.5 in 20.7 ˚C.
Multivariate Data Analysis 7
JDF files binned spectra in the same parameters. All spectra included a spectra width (δ 0.04) set up an area of 0.5-10 ppm to reach a total 230 integrated areas per NMR spectrum using MestReNova version 12-0.2.20910 (Mestrelab Research, S.L , Spain). OPLS analysis was conducted using SIMCA -P Software (v.12.0, Umetrich, Umea, Sweden) based on the pareto method of scaling. The quality of the model was described with the model accuracy criteria (R2Y) and prediction accuracy (Q2Y) and validated by CV ANOVA and permutation test.
Results and Discussion Fractionation of Onion with Various Solvents
The results showed that ethyl asetate fraction (EAF) of the onion demonstrated the highest inhibition against PPO (90.33 ± 0.93) in comparison with the onion fractioned by other solvents, i.e. n-hexane (60.13 ± 0.78), chloroform (52.97 ± 0.34), and water (47.09 ± 0.90) (Figure 1 ). This suggests that solvent for fractionation is considered as a critical factor affecting PPO inhibitory activity. The solvent may alter the fractionability of phytochemical compounds, thus resulting in different effects on PPO inhibition. The difference in PPO inhibitory activity may also result from extraction temperature and solvent. 13 Different polarity of the solvents (binary system), for The X-axis is chemical shift (nm) and Y-axis is coupling constant instance methanol and water at a certain ratio (70%), enabled to extract more phenolic and flavonoid compounds in comparison with the use of single solvents. 14 We found that EAF exhibited higher inhibitory activity than water extract of 'Recas' onion, and could attenuate PPO activity in avocado fruits at 89.71%.
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EAF was also found to exert stronger effect on PPO inhibition than heated onion juice, and demonstrate anti-browning activity through inhibiting PPO activity in 'Birgah' eggplant at 54.2%.
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Reaction Kinetics of EAF As a result, the increase in EAF concentration could reduce slope of reaction velocity (V) vs PPO concentration. This indicates that EAF showed a reversible inhibition towards PPO activity in presence of substrate L-DOPA ( Figure 2 ). Natural extract often occurs as reversible inhibitor. The PPO possesses a stronger affinity to substrate L-isomers such as L-DOPA than D-isomer, and also has various specific substrates.
17
In our experiment, Lineweaver-Burk plot was established to examine the inhibition mechanism. The concentration of EAF (0, 0.25, 0.5, 1 mg/mL) positively correlated with Km value in presence of substrate L-DOPA, resulting in Km value of 0.244, 0.956, 1.481, 2.106 mM, respectively. Km constitutes a Michaelis-Menten constant, which represents the remaining substrate after the enzyme reached a half of maximum rate Vmax. In this case, Vmax was found at 0.0164 mM-1 min, and it was unaltered with the increasing in EAF concentration. It means that the maximum substrate concentration (V max) was replaced the position by EAF in the active side of the PPO enzyme. As depicted in Figure 3 , we demonstrated that EAF showed a competitive inhibition. The competitive inhibitor is a substance that binds with free enzyme, thus preventing substrate from binding active site in enzyme. 17 The hydroxyl groups of inhibitor could bind active site of PPO, changing the enzyme conformation. 18 For competitive inhibition, the inhibition constant KI was assessed using Kmapp = Km [1 + ([I]/KI)], where Kmapp is the apparent Km for the reaction due to presence of EAF. The constant KI was determined by plotting Michaelis-Menten constant (Kmapp) and EAF as inhibitor, resulting in a linear line.
As a result, constant Km was 0.4038 mM, while Km/KI was 1.8129. Based on this calculation, the constant KI was 0.4038 mM/1.8129 or 0.222 mM. The action of inhibitor accounted for a higher Km' value than initial Km. The constant KI demonstrates the enzyme affinity for a substrate. In this case, a greater Km means a lower enzyme affinity. The presence of inhibitor induced enzyme to reach maximum reaction rate, but required either longer time or more substrate. 19 In the case of anti-browning activity, previous studies have reported the competitive inhibition induced by compounds such as salidroside which is a flavonoid from Rhodiola rosea 10 and catechin from greentea. 20 Meanwhile, anti-browning activity on edible yam (Dioscorea cayenensis-rotundata cv. Kponan) by water extract of onion and garlic was found to exert various types of inhibition, i.e. non-competitive (yellow and green onion extract), competitive (red, small, and white onion extract), and uncompetitive (garlic extract). Figure 4 shows the result of native polyacrylamide gel electrophoresis (PAGE) experiment demonstrating the inhibitory effect of EAF on PPO activity. Native PAGE is performed in the absence of sodium dodecyl sulphate (SDS) which is frequently applied to disrupt the structure of protein and promote reduction on buffer system. It is also applicable for determination of molecular weight since the electrophoretic mobility of protein molecules relies on their molecular mass.
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Electrophoresis Experiment of EAF
In the case of native PAGE, the molecular mobility is dependent on protein charge and hydrodynamic size. The electrical charge during electrophoresis is mainly affected by composition of amino acids and pH of the running buffer system. Native PAGE is meaningful for discovering functional properties of the enzyme, including effect of enzyme inhibitor. 21 In our experiment, Rf value of PPO was 0.44. The similar Rf value was applied in another study using mushroom tyrosinase, investigating the plausible mechanism of enzymatic browning inhibition by NaCl. 11 Rf is migration distance of the enzyme divided by length of electrophoretic gel. Using similar gel composition and running time, the same PPO possesses a similar value of Rf.
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A remarkable change in the enzyme occurred in presence of EAF, accounting for formation of dark color. This suggests that EAF provides a noticeable impact on reduction of melanin. This inhibitor could bind PPO, thus preventing the enzyme from interacting with substrate L-DOPA. The increase in EAF concentration (0, 1, 5, 10 mg/mL) resulted in a thinner dark band. As exhibited in Figure 4 , the strongest inhibitory effect was found at EAF concentration of 10 mg/mL, yielding the thinnest band, which is similar to that treated with SMS of 12.5 mg/mL.
Wavelength Scanning
The absorption peak shifts from 390 nm to 440 nm, which indicates Cu can react with EAF ( Figure 5 ).
EAF could be also meaningful as metal chelator, thus making it noticeable as PPO inhibitor due to presence of Cu in active site of the enzyme. Flavonoid compound was also reported to display antioxidant activities against redox metal (Cu, Fe, and Zn) ions. 23 Previously, kojic acid was also reported to have inhibitory effect on PPO and metal chelator. 24 Some PPO inhibitor demonstrating competitive mechanism could serve as metal chelator, non-metabolite analog, and/or derivate from the real substrate. 25 The molecular structure of cyanidin belonged to polyphenolic compounds is responsible for metalchelating properties, i.e. ortho-hydroxy groups in the B-ring, 2,3-double bond in the conjugation, and 4-oxo-function in the C-ring. Flavonoid enables to form complex with Cu 2+ ions in 3-or 5-hydroxyl and 4-ketosubstituent or hydroxyl groups in ortho position of the B-ring. 26 
Identification of Compounds using Metabolomics Approach
The active compounds responsible for PPO inhibition were identified using metabolomics approach. The method is essential to simplify isolation stages, but requires the use of appropriate multivariate analysis due to a large quantity of data. The 1H-NMR analysis results in chemical shift for each fraction (4 fraction) of onions (5 replications that data is made on average as shown in Figure 1 ) used to estimate the active compounds.
Metabolomics datasets are large, thereby requiring multivariate analysis such as Orthogonal Projections to Latent Structures (OPLS). OPLS is applied to interpret data through combining them after screened using Orthogonal Signal Correction (OSC) to produce PLS model, to effectively separate Y-predictive variation from Y-uncorrelated variation in X-axis. 27 We performed metabolomics analyses to explore the relationship between the metabolome and bioactivity of diverse onion fractions. A good separation between lower activity fractions and higher activity fraction was showed by the OPLS score plot ( Figure  6 ). The OPLS value of R2X, R2Y, and Q2 of this model is 0.903, 0.936, and 0.774, respectively, indicating the reliability of the model. Thus, OPLS may be used further to identify chemical shifts which can be attributed to the active compounds.
Metabolomics data model is unacceptable when Q2 value was less than 0 or Q2(cum) of < 0.05 and > 2. Q2 > 40% and R2 > 50% was generally accepted as being indicative of a robust model, although these values need to be confirmed for the bioactivity condition.
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OPLS S-plot was used to to determine the NMR chemical shift (ppm) which have a positive correlation with the activity (Figure 7) . By using X variant plot (not shown), a fraction having abundant NMR signal of the respective chemical shifts was then measured for 2D NMR J-resolved (supplementary information), through comparison with previously reported NMR data of compounds identified from onion and other plants. 29 After determination of the chemical shift with the most inhibitory activity, further comprehensive investigation was conducted to identify the compound using 2D NMR in order to untangle NMR overlapping signals (Figure 8 ). The 2D NMR analysis was performed to determine spinspin coupling that may display magnetization transfer among molecules. 30 J-resolved spectroscopy constitutes one of the 2D NMR tests that could be carried out easily and accurately in determining 2D pulse sequence. Double-Spin Echo variant (DSE JRES) is applied to reduce artifact as a consequence of strong coupling. Water suppression was reduced using WET, and followed by presaturation. WET is employed to remove water interruption that adversely affects the sensitivity of instrument and 2D NMR analysis results. The single-channel detection was applied, similar to that for homonuclear J-resolved. At first, coupling was reduced, while strongly coupled proton could be used as data. 31 The 2D NMR is to define coupling constant (J) of hydrogen atom derived from 1H-NMR signal. Additionally, metabolites at lower levels and with difficulties on the signal detection required 1H-NMR spectra for identification. 32 OPLS S-plot was used to to determine the NMR chemical shift (ppm) which have a positive correlation with the activity (Figure 7) . By using X variant plot (not shown), a fraction having abundant NMR signal of the respective chemical shifts was then measured for 2D NMR J-resolved (supplementary information), through comparison with previously reported NMR data of compounds identified from onion and other plants. 29 After determination of the chemical shift with the most inhibitory activity, further comprehensive investigation was conducted to identify the compound using 2D NMR in order to untangle NMR overlapping signals (Figure 8) . The 2D NMR analysis was performed to determine spinspin coupling that may display magnetization transfer among molecules. 30 J-resolved spectroscopy constitutes one of the 2D NMR tests that could be carried out easily and accurately in determining 2D pulse sequence. Double-Spin Echo variant (DSE JRES) is applied to reduce artifact as a consequence of strong coupling. Water suppression was reduced using WET, and followed by presaturation. WET is employed to remove water interruption that adversely affects the sensitivity of instrument and 2D NMR analysis results. The single-channel detection was applied, similar to that for homonuclear J-resolved. At first, coupling was reduced, while strongly coupled proton could be used as data. 31 The 2D NMR is to define coupling constant (J) of hydrogen atom derived from 1H-NMR signal. Additionally, metabolites at lower levels and with difficulties on the signal detection required 1H-NMR spectra for identification. 32 The solvent for fractination of onion seemed to remarkably affect the types of fractinationed flavonoid. The water extract of onion was reported to contain alkaloid, carbohydrate, reducing sugar, flavonoid, and glycoside, while tannin and phenolic compounds were found in the ethanolic extract. In both extracts, some components were also detected, including saponin, amino acid, protein, terpenoid, and steroid, but cardiac glucoside was not present. 37 In the case of EAF, flavonoid compounds were detected at high abundance, primarily from flavonols such as kaempferol, quercetin, and quercetin glycoside (isoquercitrin, quercitrin and rutin). 38 We found that phytochemical components in either fraction are diverse. Some polyphenol compounds in plant extract may provide synergistic effect. 39 However, in a particular case, bioactivity of a single compound may be more powerful in comparison with other plant extracts, such as mimosine present in Leucaena leucocephala. 9 Quercetin and kaempferol have been extensively researched for their anti-browning and antioxidant activity. 40 However, investigation on anti-browning effect of cyanidin is rather scarce.
Presence of quercetin, kaempferol and cyanidin in onion fractions noticeably contributed to the inhibitory activity towards PPO. The PPO inhibitor could be either a compound or combination of compounds that naturally existed and accounted for formation of reversible binding and reduction of enzyme catalytic activity. Furthermore, phenolic compounds are also found to be PPO inhibitor, depending on availability and position of subsistent. The inhibitory properties towards PPO from polyphenolic compounds, e.g. quercetin and kaempferol (as flavonoid group), are associated with the existence of phenol and pyrene groups.
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Conclusion
Inhibitory mechanism of active compounds in onion towards PPO has been successfully investigated. Onion was fractioned using various solvents with different polarity (ethyl acetate, n-hexane, chloroform, and water), resulting in different inhibitory activities. Ethyl acetate fraction (EAF) showed the strongest inhibition against PPO with a reversible mechanism, in which L-DOPA was used as substrate. Enzyme kinetics demonstrated that type of PPO inhibition by EAF was competitive. The fraction was also able to form chelate complex with Cu in active site of PPO.
Metabolomics approach using 1H-NMR and 2D NMR instrument was employed in order to identify compounds that associated with PPO inhibition. As a result, flavonoid group was concluded to be contributor for the inhibitory activity. Quercetin and kaempferol have been widely recognized for their inhibitory activity towards PPO, but studies on the anti-browning activity by cyanidin have remained scarce. Therefore, further research is needed focusing particularly on the role of cyanidin in inhibition of browning and its potential antagonistic or synergistic interaction with quercetin and kaempferol.
